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Abstract: This study demonstrated the kinetics of nucleophilic substitution reactions of butyl methyl chlorophosphate
(2) with X-anilines (XC 6 H 4 NH 2 ) and deuterated X-anilines (XC 6 H 4 ND 2 ) in MeCN at 55.0 ± 0.1 °C together with the
general optimized method for the synthesis of 2 under mild conditions. Different spectroscopic characterizations revealed
the formation of 2 with high purity. The free energy relationship with the substituents X in the anilines exhibited biphasic
concavity upwards with a break point at X = H, which induced large negative ρX and small positive βX values. The
deuterium kinetic isotope effects (DKIEs) were secondary inverse ( kH / kD < 1: 0.702–0.918) and the magnitudes were
increased with the change of nucleophiles from weakly basic to strongly basic anilines. A concerted mechanism with
a rate-limiting leaving group departing from the intermediate is proposed based on the selectivity parameters and the
variation of DKIEs with X.
Key words: Phosphoryl transfer reaction, concerted mechanism, butyl methyl chlorophosphate, Hammett and Brønsted
constants, deuterium kinetic isotope effects

1. Introduction
Understanding the kinetics and the reaction mechanisms of displacement reactions is critical in organic chemistry, which allows the interconversion of functional groups. For more than a century, the displacement/substitution
reactions at carbon centers have been studied extensively, both experimentally and theoretically. 1 The investigation of displacement reactions at phosphorus centers has attracted massive interest due to the usefulness
of phosphorus compounds in agriculture and plastic industries, medicinal compounds, corrosion inhibitors, oil
and gasoline additives, etc. 2−4 Furthermore, the displacement reactions at tetracoordinated or pentacoordinated phosphorus centers is crucial in biochemistry for enzyme-catalyzed processes and DNA translation and
transcription, which significantly control the mechanism of cellular processes. 5,6
Among the displacement reactions, the phosphoryl and thiophosphoryl transfer reactions have been
studied extensively, which proceed through stable trigonal bipyramidal pentacoordinated (TBP-5C) adducts
with the attacking and leaving groups occupying apical positions and a concerted (S N 2-type) mechanism via
the TBP-5C transition state (TS) due to the unstable adduct formation. 7−9 Experimental and theoretical
studies of the phosphoryl and thiophosphoryl transfer reactions (e.g., anilinolysis, pyridinolysis, benzylaminolysis) of various substrates (e.g., O,O-diphenyl Z-S-aryl phosphorothioates, dibutyl chlorophosphate, phenyl
∗ Correspondence:
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chlorophosphates, aryl phenyl chlorothiophosphates, diisopropyl chlorophosphate) have been comprehensively
conducted. 10−22 Particularly, the study of transfer reactions of dialkyl chlorophosphates is substantially important due to their use as reactive intermediates or building blocks for the transformation of several functional
groups including enolphosphates, pseudohalogen phosphates, and phosphates. 23−26 The kinetics of phosphoryl transfer reactions of diethyl chlorophosphate, dibutyl chlorophosphate, phenyl chlorophosphates, etc. have
already been investigated. 27−29 Meanwhile, the kinetic investigation of phosphoryl transfer reactions of butyl
methyl chlorophosphate (2) is hardly found, which might be due to the unavailability of this compound in
commercial sources or the difficulty of synthesis. In this research, we have developed a rapid, simple, and
efficient method for the synthesis of substrate/compound 2 by using commercially available butyl phosphonic
dichloride and methanol reagents as shown in Scheme 1. The kinetics of phosphoryl transfer reactions of assynthesized pure substrate 2 were investigated with substituted anilines (XC 6 H 4 NH 2 ) and deuterated anilines
(XC 6 H 4 ND 2 ) in acetonitrile (MeCN) at 55.0 ± 0.1 °C as shown in Scheme 2. The kinetics are discussed based
on the selectivity parameters and deuterium kinetic isotope effects (DKIEs). Additionally, the effects of the
substituent and the mechanism of the phosphoryl transfer reactions are also interpreted and discussed.

Scheme 1. The reaction route of synthesis of butyl methyl chlorophosphate (2) at –20.0 °C.

Scheme 2. Studied reactions of butyl methyl chlorophosphate (2) with XC 6 H 4 NH 2 (D) 2 in MeCN at 55.0 °C.

2. Results and discussion
Substrate 2 was synthesized by reacting butylphosphonic dichloride (98%) with excess methanol at –20.0 °C for
8 h according to the modified method as described previously for the synthesis of bis(aryl) chlorophosphates. 13
The reaction route for the synthesis of substrate 2 is shown in Scheme 1. After completing the reaction, the
product was isolated, dried, and used for further analysis. Substrate 2 was characterized on the basis of its 1 H
NMR,

13

C NMR,

31

P NMR, and gas chromatography-mass spectrometry (GC-MS) data (Figures S1, S2, S3,

and S4, respectively), which clearly exhibited the formation of compound 2 with high purity. The corresponding
analytical results of 1 H NMR,

13

C NMR,

31

P NMR, and GC-MS of compound 2 are described in Section 3.

The observed pseudo-first-order rate constants ( kobsd ) for the substitution reactions of substrate 2 with
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X-anilines (XC 6 H 4 NH 2 ) and deuterated X-anilines (XC 6 H 4 ND 2 ) were calculated using Eq. (1) under the
pseudo-first-order conditions with a large excess of aniline as a nucleophile in acetonitrile (MeCN) at 55.0 ± 0.1
°C. The initial pseudo-first-order rate constant ( k0 ) value in MeCN was negligible ( k0 ≈ 0). The second-order
rate constants ( kH(D) ) were determined by using five different concentrations of anilines in the range of 0.10–
0.30 M with a fixed concentration of substrate 2 (5 × 10 −3 M). The linear plots of kobsd vs. [XC 6 H 4 NH 2 (D 2 ) ]
with correlation coefficient (r 2 ) of 0.999 clearly confirmed the occurrence of the whole reaction shown in Scheme
2 without the existence of any base-catalysis or side reactions.
kobsd = k0 + kH(D) [XC6 H4N H2 (D2 )]

(1)

Table 1 summarizes the kH with X-anilines, kD with deuterated X-anilines, and DKIEs ( kH /kD ) and Table
2 summarizes the selectivity parameters for Hammett ρX(H and D) and Brønsted βX(H and D) . The value of
p Ka (X) of X-anilines in water was used to obtain the Brønsted βX values in MeCN, which were justified both
experimentally and theoretically. 10−16,21,22 The values of p Ka (X) and σX of the deuterated X-anilines were
assumed to be identical to those of the X-anilines, since the basicity of β -deuterated X-anilines is analogous to
benzylamine, N , N -dimethylaniline, and methylamine and it was increased by ∼0.02 p Ka units per deuterium
atom. 30−32 Thus, the p Ka (X) values of deuterated X-anilines might be slightly higher than those of X-anilines,
which is too small to be taken into consideration.
Figures 1 and 2 show the Hammett (log kH(D) vs. σX ) and the Brønsted plots [log kH(D) vs. p Ka (X)]
with the variations of substituents X in the nucleophiles, respectively. The stronger nucleophile corroborates
faster reaction kinetics as observed in a typical nucleophilic substitution reaction, which can be attributed to
the development of positive charge at the nucleophilic N atom ( ρX ? 0) in the transition state (TS). On the
other hand, both the Hammett and Brønsted plots exhibited biphasic concave upward free energy correlations
with the variations of substituents X in the nucleophiles with a break point at X = H. The magnitudes of
the ρX(H and D) (ρX(H) = –7.57 and ρX(D) = –7.38) and βX(H and D) (βX(H) = 2.60 and βX(D) = 2.54) with
more basic anilines (X = 4-MeO, 4-Me, 3-Me, H) are much higher than those ( ρX(H) = –2.58, ρX(D) = –2.41,
βX(H) = 0.895 and βX(D) = 0.834) with less basic anilines (X = H, 3-MeO, 4-Cl, 3-Cl). The magnitudes of ρX
and βX with the anilines are greater than those with the deuterated anilines, suggesting greater sensitivity to the
substituent effects of the anilines compared to the deuterated anilines. The DKIEs investigated are secondary
inverse ( kH / kD < 1) and the magnitudes of the DKIEs decrease constantly as the nucleophile is changed from
a more electron-donating to a more electron-withdrawing substituent X: e.g., X = 4-MeO ( kH /kD = 0.918)
to X = 3-Cl ( kH / kD = 0.702).
Table 3 lists the second-order rate constants ( kH ) with unsubstituted aniline, natural bond order (NBO)
charges at the reaction center’s P atom [B3LYP/6-311+G(d,p) level of theory] in the gas phase, 36 Brønsted
coefficients ( βX(H) ) , and DKIEs ( kH / kD ) of the reactions of substrates 1–6 with XC 6 H 4 NH 2 (D 2 ) in MeCN.
Considering the magnitude of the positive charge at the reaction center’s P atom, the anilinolysis rate should
follow the order of 4 >2 >5 >3 >6 >1, but the observed order of the rate was 1 >2 >3 >5 >6 >4. This
might be due to the electronic influence of the two ligands MeO and BuO. Therefore, the positive charge at
the reaction center’s P atom does not play a major role in determining the reactivity and mechanism of the
phosphinic chloride systems. The kH values for the anilinolyses of the mentioned phosphinic chlorides were
4.28 × 10 −3 , 3.22 × 10 −3 , 2.82 × 10 −3 , 0.710 × 10 −3 , 2.06 × 10 −3 , and 2.00 × 10 −3 M −1 s −1 for 1, 2, 3,
4, 5, and 6, respectively, which exhibited the relative rate ratios of 6.03 (1) : 4.54 (2) : 3.97 (3) : 1.00 (4) :
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Table 1. The second-order rate constants ( kH(D) × 10 3 /M −1 s −1 ) and DKIEs ( kH / kD ) of the reactions of butyl
methyl chlorophosphate (2) with XC 6 H 4 NH 2 (D 2 ) in MeCN at 55.0 °C.

X
4-MeO
4-Me
3-Me
H
3-MeO
4-Cl
3-Cl
a,b

kH × 103
345 ± 1a
58.8 ± 0.1
9.68 ± 0.01
3.22 ± 0.01
1.65 ± 0.01
0.818 ± 0.002
0.362 ± 0.001

kD × 103
376 ± 1b
68.9 ± 0.1
11.7 ± 0.1
3.95 ± 0.01
2.11 ± 0.01
1.09 ± 0.01
0.516 ± .001

kH /kD
0.918 ±
0.853 ±
0.827 ±
0.815 ±
0.782 ±
0.747 ±
0.702 ±

0.001c
0.002
0.002
0.001
0.001
0.001
0.001

Standard deviation. c Standard error {= 1/kD [(∆kH )2 + (kH /kD )2 × (∆kD )2 ]1/2 }from ref.33

Table 2. Selectivity parameters ( ρX and βX )a of the reactions of butyl methyl chlorophosphate (2) with
XC 6 H 4 NH 2 (D 2 ) in MeCN at 55.0 °C.

4-MeO to Hb
7.57 ± 0.13c,d
2.60 ± 0.19c,e
7.38 ± 0.11c,f
2.54 ± 0.18c,g

ρX (βX )/X
–ρX(H)
βX(H)
–ρX(D)
βX(D)

H to 3-Clh
2.58 ± 0.04c,i
0.895 ± 0.052c,j
2.41 ± 0.03c,k
0.834 ± 0.051c,l

a

The σ values were taken from ref.34 The pKa values of X-anilines in water were taken from ref.35 b For X = 4-MeO,
4-Me, 3-Me, H. c Standard deviation. d Correlation coefficient, r = 0.999. e r = 0.983. f r = 0.999. g r = 0.984. h For X
= H, 3-MeO, 4-Cl, 3-Cl. i r = 0.999. j r = 0.990. k r = 0.999. l r = 0.989.
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Figure 1. Hammett plots (log kH(D) vs. σX ) with X
of the reactions of butyl methyl chlorophosphate (2) with
XC 6 H 4 NH 2 (D 2 ) in MeCN at 55.0 °C.

3.5
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4.5
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p Ka (X)
Figure 2. Brønsted plots [log kH(D) vs. p Ka (X)] with X
of the reactions of butyl methyl chlorophosphate (2) with
XC 6 H 4 NH 2 (D 2 ) in MeCN at 55.0 °C.

2.90 (5) : 2.82 (6) in MeCN at 55.0 °C. From the observed rate ratios, the order of anilinolysis rate, 1 >2 >3
>5 >6 >4, does not follow the sequence according to the sizes of the two ligands of the phosphinic chloride
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system: (EtO, PhO) 6 >(BuO, BuO) 5 >(MeO, BuO) 2 >(i -PrO, i -PrO) 4 >(EtO, EtO) 3 >(MeO, MeO)
1. 27,37
Table 3. The second-order rate constants ( kH × 10 3 /M −1 s −1 ) with C 6 H 5 NH 2 , NBO charges at the reaction center’s
P atom, Brønsted coefficients ( βX(H) ) , and DKIEs ( kH / kD ) for the reactions of 1–6 with XC 6 H 4 NH 2 (D 2 ) in MeCN.

Substrate
1:
2:
3:
4:
5:
6:
a

(MeO)2 P(=O)Cl
(MeO)(BuO)P(=O)Cl
(EtO)2 P(=O)Cl
(i-PrO)2P(=O)Cl
(BuO)2 P(=O)Cl
(EtO)(PhO)P(=O)Cl

kH × 103a
c

4.28
3.22c
2.82c
0.710c
2.06c
2.00c

charge at P
2.226
2.255
2.236
2.269
2.239
2.233

b
βX(H)

0.96
2.60
1.06
1.10
1.11
1.13

kH /kD

Ref.
d

0.80–0.98
0.70–0.92d
0.71–0.92d
0.71–0.95d
0.86–1.10d
1.07–1.28d

10

This work
10
29
19
36

The values with unsubstituted aniline at 55.0 °C. b Strongly/weakly basic anilines. c Experimental kinetic

value. See refs. 10−16 , ref. 18 , ref. 36 , and ref. 37

d

Values at 55.0 °C.

The DKIEs ( kH / kD ) are a strong tool for clarifying the reaction mechanism. When the kH /kD values
are greater than unity ( kH /kD >1.0) (i.e. primary normal), the partial deprotonation of aniline occurs as a
rate-limiting step by hydrogen bonding (e.g., front side attack transition state (TSf) in Scheme 3). 10,38 On the
other hand, the DKIEs are only secondary inverse ( kH / kD < 1.0) when an increase in the steric congestion
occurs in the bond-making process (i.e . back side attack transition state (TSb) in Scheme 3). This is because
the N–H(D) vibrational frequencies increase upon the formation of TS. 10−16 Therefore, DKIEs provide a useful
means of determining the TS structures in nucleophilic substitution reactions; in particular, changes in the
substituents alter the TS structures. The incorporation of deuterium in the nucleophile is advantageous to
exhibit secondary inverse DKIEs, since the α -DKIEs resemble the degree of bond formation. Therefore, the
greater the extent of bond formation, the greater the steric congestion, and the kH /kD values become smaller.
Based on this, our research group previously proposed a concerted mechanism involving a dominant backside
attack TSb based on the secondary inverse DKIEs for the anilinolyses of 1 ( kH /kD = 0.80–0.98) and 3 ( kH /kD
= 0.71–0.92) and a concerted mechanism involving predominant backside attack TSb based on the secondary
inverse DKIEs for the anilinolyses of 4 ( kH /kD = 0.71–0.95). 10−16,18 Meanwhile, a partial front side attack
through a hydrogen-bonded four-center-type TSf for the anilinolysis of 6 was also proposed. 36 The present work
demonstrated that the DKIEs are secondary inverse with all the anilines listed in Table 1, which depicts the
strong backside nucleophilic attack involving inline-type TSb (Scheme 3) and the intermediates (TS) are very
rapidly changed from the attacking direction of the nucleophiles.
In the Hammett and Brønsted plots two regions have been distinguished due to the effects transmitted
from the substituents. Large βX values (for the more basic nucleophiles, 4-MeO to H) support a concerted
process, an associative S N 2 process with a greater degree of bond-making than bond-cleavage in the TS.
Excessive pushing ability of nonleaving groups (BuO and MeO) perturb the d π -pπ charge transmission to
compensate at the P reaction center for weaker nucleophiles (H to 3-Cl). As for the biphasic plots of log k2 vs.
σX or p Ka (X), there is a proposed backside (apical) attack TS for less basic anilines. 39,40 It is well known that
a weakly basic group has greater apicophilicity, so the apical approach is favored for such nucleophiles. 41−44
Since the apical bonds are longer than the equatorial bonds, 39,40 the apical nucleophilic attack should lead
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Scheme 3. Backside attack involving inline-type TSb and front side attack involving a hydrogen bonded, four-centertype TSf.

to a looser P–N bond in the trigonal bipyramidal pentacoordinated (TBP-5C) structure and hence a smaller
magnitude of βX as well as ρX is obtained. 40
Since the departure of the Cl − leaving group leaves a partial positive charge in the reaction, center P is
a good leaving group. Hence, the TS, which is stabilized by the oxygen lone pairs (O − ) but is simultaneously
destabilized by the electrons, needs to stabilize the positive charge on the aniline nitrogen (N + ) . At that
moment the deficiency is compensated with strong pushing by the BuO and MeO to the P reaction center.
On balance, the destabilization of the developing positive charge on P is stronger than the stabilization by the
oxygen lone pairs so that the leaving group’s expulsion is hindered in the TS with the resulting rate retardation.
The phenomenon can be justified by the relatively large βX for the weaker nucleophiles or electron-withdrawing
substituents. 45−48 Hence, it is reasonable to propose a rate-limiting break-down of the TBP-5C intermediate.
By repetition, the respective large and small magnitudes of ρX and βX values for the more basic and less basic
nucleophiles can be interpreted to indicate the mechanistic change by formation of the intermediate with the
apical P–N (nucleophile) bonds. Finally, it is stabilized by the proton expulsion from the intermediate to the
product.
The magnitudes of kH / kD decrease constantly in the presence of stronger electron-withdrawing substituents X (4-MeO → 3-Cl) in the nucleophiles (e.g., X = 4-MeO ( kH /kD = 0.92) to X = 3-Cl ( kH /kD
= 0.70)). This means that the steric congestion in the TS invariably increases as the aniline becomes weakly
basic. In other words, the lower reactivity of the nucleophile results in a greater degree of bond formation.
Accordingly, the value of kH / kD indicates very severe steric congestion in the TS, suggesting a great extent of
bond formation.
Table 4. Activation parameters a,b for the reaction of butyl methyl chlorophosphate (2) with aniline in MeCN.

N./X
H

a

t /°C
35.0
45.0
55.0
65.0

k2 × 103 /M−1 s−1
1.57 ± 0.01c
2.32 ± 0.01
3.22 ± 0.01
4.74 ± 0.01

Ea (kcal/mol)

∆G‡ (kcal/mol)

∆H ‡ (kcal/mol)

−∆S ‡ (eu)

7.6 ± 0. 1

23.0 ± 0. 1

6.9 ± 0. 1

49 ± 1

Calculated by Eyring equation. b Values at 55.0 °C. c Standard deviation.

Table 4 lists the activation parameters, activation energy ( Ea ), Gibbs free energy of activation ( ∆G̸= ) ,
enthalpies of activation ( ∆H ̸= ), and entropies of activation ( ∆S ̸= ) for the anilinolyses of 2. 13,30,49 Lower
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activation energy (7.6 kcal mol −1 ) favors intactness in TS to the bond formation at the reaction center P in
typical situations. 50 The Gibbs free energy of activation ( ∆G̸= ) can be divided into the enthalpy of activation
( ∆H ̸= ) and entropy of activation ( ∆S ̸= ) . The enthalpies of activation are relatively low (6.9 kcal mol −1 ) and
the entropies of activation have relatively large negative values (–49 cal mol −1 K −1 ) for the anilinolyses of 2,
as seen in Table 4. 49 The relatively low activation enthalpy and large negative activation entropy are typical
for the aminolyses of P =O systems.

2.1. Conclusions
The nucleophilic substitution reactions of butyl methyl chlorophosphate (2) with substituted anilines (XC 6 H 4 NH 2 )
and deuterated anilines (XC 6 H 4 ND 2 ) were investigated kinetically in MeCN. The magnitudes of the secondary
inverse DKIEs ( kH / kD ) increased when the nucleophiles changed from weakly basic to strongly basic anilines.
The steric congestion in the TS invariably increases as the aniline becomes weakly basic. Thus, a concerted
mechanism involving the rate-limiting departure of a leaving group from the intermediate was proposed based
on the selectivity parameters and the variation trend of the DKIEs with X. The linear free energy relationship
in the present work suggests that the attacking direction of the aniline changes gradually from back side with
the strongly basic anilines to front side involving a hydrogen-bonded four-center-type TSf with weakly basic
anilines.

3. Experimental
3.1. Materials and synthesis of deuterated anilines
Butylphosphonic dichloride (98%), HPLC-grade acetonitrile (water content ?0.005%), methanol (99.8%), anilines, and deuterium oxide (99.999 atom% D) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used without further purification. Ethyl acetate (extra pure grade, 99.0%), diethyl ether (extra pure grade,
99%), and n-hexane (HPLC grade, 99.5%) were obtained from DUKSAN Pure Chemicals Co. Ltd. (Ansan, Korea) and used as received. MgSO 4 (extra pure reagents, ≥97%) was supplied by YAKURI Pure Chemicals Co.
Ltd. (Osaka, Japan). Deuterated anilines were synthesized according to the procedure reported elsewhere. 10−16
Briefly, anilines were refluxed in deuterium oxide (99.999 atom% D) in the presence of a few drops of HCl as
a catalyst at 90 °C for 72 h and the products were collected after numerous attempts. The anilines were more
than 98% deuterated, as confirmed by 1 H NMR.

3.2. Instrumentation
1

H NMR, 13 C NMR, and proton decoupled 31 P NMR spectra were recorded on a Bruker DPX-400 FT NMR
spectrometer (Bruker Analytik GmbH, Germany) at 400, 101, and 162 MHz, respectively. Deuterated chloroform
(CDCl 3 ) or dimethyl sulfoxide (DMSO-d 6 ) were used as solvents and tetramethylsilane (TMS) functioned as
internal reference. Spectra recorded in DMSO-d 6 were referenced against the solvent signal (DMSO-d 6 : δ
(ppm) = 2.50).

31

P NMR spectra were referenced against 85% H 3 PO 4 as an external reference. GC-MS was

performed on a 7890A-5975C GC-MS system (Agilent Technologies, Santa Clara, CA, USA) equipped with an
HP-5MS capillary column (30 m × 0.25 mm × 0.25 µm) (Agilent J & W Scientific, Folsom, CA, USA).
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3.3. Kinetic measurements
The rates and selectivity parameters were calculated according to the procedure described previously. 10−16 The
rates were measured conductometrically using a computer-automated A/D converter conductivity bridge. The
observed pseudo-first-order rate constants ( kobsd ) were calculated by fitting the curve of the decay profiles. The
kobsd values were an average of at least three runs, which were reproducible within ± 3%. The second-order
rate constants ( kH(D) ) were calculated from the slope of the plot of kobsd vs. [X-anilines]. The selectivity
parameters, ρX(H/D) , and βX(H/D) were obtained from the slope of the plots of log kH(D) vs. σX and log
kH(D) vs. p Ka (X).
3.4. Synthesis and analysis of butyl methyl chlorophosphate (2)
The substrate, butyl methyl chlorophosphate (2), was synthesized by reacting butylphosphonic dichloride (98%)
with excess methanol at –20.0 °C for 8 h according to the modified method for the synthesis of bis(aryl)
chlorophosphates. 13 After completing the reaction, the powder precipitate was separated by filtration and the
remaining mixture solution was treated with water and diethyl ether. Then the organic layer was dried over
anhydrous MgSO 4 for 2 h. Finally, the product was separated by column chromatography (silica gel, ethyl
acetate/n-hexane, 60%) and dried under reduced pressure, which was characterized by spectral analysis, TLC,
1

H NMR,

13

C NMR,

31

P NMR, and GC-MS, and the results are summarized as follows (also see supporting

information):
Butyl methyl chlorophosphate [(C 4 H 9 O, CH 3 O)P(=O)Cl]: Colorless liquid;

1

H NMR / ppm

(600 MHz, CDCl 3 , TMS): δ 0.92 (m, 3H), 1.41(m, 2H), 1.58 (m, 2H), 1.75 (m, 2H), 3.74 (m, 3H) (m, multiple).
13

C NMR / ppm (150 MHz, CDCl 3 & TMS): δ 13.5, 23.7, 24.3, 24.8, 52.3.

31

P NMR / ppm (243 MHz, CDCl 3

+

& TMS): δ 35.96 (1P, s, P=O) (s, singlet). GC-MS (EI): m/z 186 [M ].
3.5. Synthesis and analysis of the product
Butyl methyl chlorophosphate (2) was reacted with excess aniline for more than 15 half-lives at 55.0 °C in MeCN.
After completing the reaction, the solvent was evaporated under reduced pressure and the product was treated
with diethyl ether and dilute HCl and dried over anhydrous MgSO 4 . Then the product was isolated by column
chromatography (30% ethyl acetate/n-hexane) and dried under reduced pressure for further characterization.
The analytical and spectroscopic data of the product gave the following results (also see supporting information,
Figures S5–S8):
[C 5 H 12 O 2 P(=O)NHC 6 H 5 ]: Colorless liquid.

1

H NMR / ppm (600 MHz, CDCl 3 , TMS): δ 0.92

(m, 3H), 1.44 (m, 2H), 1.72 (m, 2H), 4.14 (m, 3H), 4.35 (m, 2H), 5.47 (d, J = 6 Hz, 1H, -NH), 6.96 (m, 5H)
(m, multiple; d, doublet).
128.4, 130.9, 132.1.

31

13

C NMR / ppm (75 MHz, CDCl 3 & TMS): δ 13.6, 30.9, 32.2, 32.3, 66.5, 126.2,

P NMR / ppm (243 MHz, CDCl 3 , TMS): δ 33.1(1P, s, P =O) (s, singlet). GC-MS (EI):

+

m/z 243 [M ].
3.6. Theoretical studies of butyl methyl chlorophosphate (2)
The B3LYP/6-311+G(d,p) geometry, bond angles, and NBO charges of 2 in the gas phase were calculated
using the B3LYP/6-311+G(d,p) level in the Gaussian 09 program and the optimized structure of 2 is shown in
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Figure 3. 51 The ground-state structure of 2 does not have a symmetry plane because of two different ligands,
giving the difference in the negative charges of the methoxy and butoxy oxygen atoms. The MO theoretical
structure showed that the three oxygen atoms and one chlorine atoms were in a distorted tetrahedral geometry
with the phosphorus atom at the reaction center. The details of the optimized structure of 2 are given in Table
S1 and Figure S9.

Figure 3. B3LYP/6-311 + G(d,p) geometry of butyl methyl chlorophosphate (2) in the gas phase.
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Supporting information

Figure S1. The 1H NMR spectrum of [(C4H9O, CH3O)P(=O)Cl].

Figure S2. The 13C NMR spectrum of [(C4H9O, CH3O)P(=O)Cl].

1

Figure S3. The

31

P NMR spectrum of [(C4H9O, CH3O)P(=O)Cl].

Figure S4. The GC-MS spectrum of [(C4H9O, CH3O)P(=O)Cl].

2

Figure S5. The 1H NMR spectrum of [C5H12O2P(=O)NHC6H5].

3

Figure S6. The

13

C NMR spectrum of [C5H12O2P(=O)NHC6H5].

Figure S7. The 31P NMR spectrum of [C5H12O2P(=O)NHC6H5].

4

Figure S8. The GC-MS spectrum of [C5H12O2P(=O)NHC6H5].

Figure S9. The geometry of butyl methyl chlorophosphate (2) in the gas phase calcul
ation by Gaussian 09 program, B3LYP level of theory 6-311+G(d,p) basis set, CPCM
method, acetonitrile continuum model.

5

Table S1. The geometry of butyl methyl chlorophosphate (2) in the gas phase by
Gaussian 09 program, B3LYP level of theory 6-311+G(d,p) basis set.
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